The optical photon distribution produced inside continuous and pixelated scintillation crystals by the absorption of a γ-ray have been studied with the photon transport program DETECT 2000. With this program the charge signals recorded by a multi-wired anode system, like the Position Sensitive PhotoMultiplier Tube (PSPMT) of a γ-Camera, are simulated. Based on the analytical parametrization which is fitted to experimental data, a new position reconstruction method for PSPMTs is proposed in this work. Planar images have been reconstructed with the new method and compared to the traditional charge center of gravity technique. Data are obtained from a small field, high resolution γ-Camera system with a multiwired crossed anode using the R2486 (HAMAMATSU) PSPMT. Systematic studies for continuous and pixelated inorganic scintillation crystals of CsI(Tl) have been performed for different phantom geometries using small capillaries of 99m T c. The developed method seems to drastically improve the resolution of the reconstructed planar information, even when homogeneous crystals are used.
Introduction
The basic reactions which occur when radiation encounters matter and the effects produced by these processes are well known. However, in Single Photon Emission Computed Tomography (SPECT) and generally in γ-ray imaging, it is important to determine the exact position in space of the photo-conversion. Compared to the plane, defined by the two transversal coordinates parallel to the photo-detectors entrance window, the coordinate normal to it, called the depth of interaction (DOI), remains unspecified [1, 2] . This leads in a parallax error and as a result to a non-uniform and non-isotropic spatial resolution. For existing γ-ray imaging systems, the image quality can be improved potentially if a sufficiently good estimate of DOI is provided by the detector. A technique proposed for studying such a detector is based on the light distribution on the entrance window of the photo-detector [3] . The planar image can also be improved by using a position reconstruction algorithm suitable for the whole field of view of the camera.
The main purpose of this study is firstly the inquiry of the correlation of the DOI and the light distribution in both continuous and pixelated scintillation crystals and secondly, the development of a position reconstruction algorithm for a uniform and isotropic spatial resolution.
Optical Simulations
Monte Carlo simulations for determining the optical photon distribution for continuous and pixelated scintillation crystals were performed using the photon transport program DETECT 2000 [4] .
DETECT 2000 models the behavior of optical systems and particularly scintillation detectors. It generates individual scintillation photons in specified portions of the scintillator. Afterwards, it follows each photon in its passage through the various components and interactions with surfaces and records the fate (absorption, escape or detection) of each, along with its decay and delay times, total elapsed time to detection, number of reflecting surfaces encountered, last coordinates and whether or not the photon was wavelength shifted. The program uses initial definition statements to specify the optical properties of all materials and surface finishes used in the simulation. Components are then built out of these materials and surface finishes. The optical behaviour of each surface is chosen by selecting one of a set of previously defined surface finishes such as POLISH, GROUND, UNIFIED, DETECT, METAL and PAINT. Surfaces in optical contact are taking into account Snell's law
and the optical properties of the various surfaces such as the index of refraction and the reflection coefficient.
In this work, a CsI(Tl) continuous crystal, 4 mm thick and of 25 mm ra-dius was initially simulated, together with a 3 mm of pyrex glass before the detective surface representing the entrance window of the Position Sensitive Photomultiplier Tube (Fig. 1a) . The optical photons were generated isotropically by a point source located on the crystal axis at a small distance from the PSPMT entrance window [5] .
A typical x-position distribution of the collected light is shown in Fig.1a , where the narrow Gaussian curve may be thought as the curve that represents the photons that have not been reflected and the wide one, constituted of a constant part (plateau) and two Gaussian edges, represents the reflected photons.
Secondly, a pixelated CsI(Tl) crystal as the one shown in Figure 1b , where the width of the squared pixels was 1 mm and the epoxy placed between them was 0.1 mm thick, was simulated. The optical photons were generated inside the central pixel from a membrane like source with the transverse dimensions fitting the ones of the pixel. Again, a typical x-position distribution of the collected light is given in Fig.1b ; in contrast with the previous case, most of the generated photons are guided through the reflective sides of the scintillator pixel forming a narrow Gaussian shape on the detective surface.
Finally, in Fig.1c the position distribution for the photons is shown to be symmetrical around the center of the pixel in a two dimensions diagram and can be generally fitted with two Gaussian curves. Simulations of both continuous and pixelated crystals, show the dependence of the optical photon distribution on the Depth of Interaction, the pixel width and the photon source dimensions (Fig.2) . These results can be summarized as follows:
• In the case of homogeneous scintillation crystals, the width of the detected photon distribution (narrow Gauss curve) shows an increasing trend with the Depth of Interaction (DOI), the last measured from the detective surface of the photomultiplier. For a given value, which is mainly correlated with the radius of the cylindrically shaped crystal, a saturated behaviour is detected.
• In the pixelated crystals, the active size of each pixel determines asymptotically the width of the detected light on the photomultiplier surface. For small aspect ratio values (DOI relative to the pixel size), i.e. for γ-ray absorption near the detective surface, the distribution becomes large, due to escaped reflections off the pixel edges.
• The photon source dimension (generation volume) in the case of pixelated crystals does not show any influence on the measured light distribution, insofar the aspect ratio is kept at large values (> 1).
Modeling the Electron Cloud
Taking into account the results of the simulation presented in the previous section, the light distribution on the detective surface of the photomultiplier entrance follows a functional approach of two canonical superimposed components. It is therefore legitimate to model the light density on the detective plane (x, y) with a 2-dimensional function G(P x , P y , x, y) (Fig.3, left) resulting from two Gaussian curves of different intensity and width:
The parameters (A 1 , σ 1 , A 2 , σ 2 ) are characteristics of the light pulse produced by the scintillator in use and they must remain constant for every detected γ-ray independently of the falling position (P x , P y ) on the detector. In order to calculate the charge accumulated by the multi-anode wires, assuming a constant photo-electron conversion and a linear amplification k for the given distribution inside the photomultiplier tube, the electron cloud has to be integrated according to the relations:
Determining experimentally the charge distribution allows the direct measurement of the intensity and width for the incident optical photons and consequently the verification of this assumption. 
Position Reconstruction Algorithm
The traditional charge center of gravity algorithm operates successfully in the case of a centrally detected γ-ray, but not satisfactorily in the case of an electron cloud positioned near the edge of the anode, as shown in Fig.4 , where the missing amount of the charge produces systematical shifts towards the center and reduces the effective field of view. As a consequence, on the boundary region a barreloid deformation occurs [6] and the traditional charge center of gravity equations for position reconstruction Due to the unbalanced charge for a non-central event, the traditional charge center of gravity algorithm reconstructs incorrectly the position.
Qy i result to a non-uniform and non-isotropic spatial resolution.
To overcome these difficulties in the position reconstruction, two different solution schemes are proposed. According to the presented electron cloud model, the fitted parameter set can be extended to include additionally the center coordinates of the optical photon distribution. Thus, for each detected event consisting of totally 16 measured values (8x-and 8y-charges), the six parameter set (P x , P y , A 1 , σ 1 , A 2 , σ 2 ) is easily fixed, hence the (P x , P y ) can be further used as the reconstructed position. This scheme requires obviously the arithmetic inversion of the presented formalism and consumes much of the computational time; therefore only an offline algorithmic implementation is possible. A much simpler scheme for reconstruction purposes can be applied following the example of the charge distribution shown in Fig.4 : A function formed by the overlap of two Gaussian curves, similar to the previously introduced but one-dimensional G(P x , P y , x, y) function, can define the center (P x0 , P y0 ) of the distribution and yields to more accurate results than that of the traditional reconstruction algorithm (X pos , Y pos ). 
Reconstruction Results with Homogeneous and Pixelated Crystals
In order to verify the new algorithms' success, a number of experiments were performed. Data are obtained from a small field, high resolution γ-Camera system with a multi-wired crossed anode using the R2486 (HAMA-MATSU) PSPMT. 
Concluding Remarks
The study of the light distribution from a scintillation crystal and its characterization indicates that it is strongly correlated to both the Depth of Interaction (DOI) and the geometrical properties of the system. The results of this study have shown that the DOI affects the width of the distribution while the crystal's shape seems to affect both the shape and the width. The experimentally collected charge, which depends on the electrons' cloud position, is the basis for a new position reconstruction algorithm that results in a more accurate and uniform spatial resolution. The new model applied in both homogeneous and pixelated crystals, resulted in a uniform spatial resolution overcoming the traditional charge center of gravity algorithmic disadvantages.
